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Abstract 
When driving, it is vital to maintain the right following distance between the vehicles to avoid rear-
end collisions. The minimum safe distance depends on many factors, however, in this study the safe 
distance between the human-driven vehicles and a fully autonomous vehicle at a sudden stop by an 
automatic emergency brake was studied based on the human driver ability to react in an accident, the 
vehicles' braking system performance, and the speed of vehicles'. For this approach, a safe distance 
car-following model was proposed to describe the safe distance between vehicles on a single lane dry 
road under conditions where both vehicles keep moving at a constant speed, and a lead autonomous 
vehicle suddenly stops by automatic emergency braking at an imminent incident. The proposed model 
then finally was being tested using MATLAB simulation and results showed that confirmed the 
effectiveness of this model and the influence of driving speed and inter-vehicle distance on the rear-
end collision was also indicated as well compared with the two and three seconds rule of safe 
following distance.  The three – seconds safe distance following rules is safe to be applied for all 
speed limits; however, the two seconds can be used on speed limits up to 45 Km/hr. A noticeable 
increase in rear-end collision was observed according to the simulation results if a car follows a 
driverless vehicle with two seconds rule above 45 km/hr. 
Keywords: Autonomous Vehicle, Automation Difference, Automatic Emergency Brake,                    
safe distance, seconds rule 
 
1. Introduction 
Even though Road Traffic injuries rate is stabilized and declined relative to world population size 
and many vehicles, road traffic injuries are the eighth leading causes of deaths for people of all age 
globally and the leading cause of death for children and young adults 5 -29 years of age [1].  Nearly 
one-third (almost 33%) of all motor vehicle accidents are caused by the rear-end collision of 
automotive crashes [2]. Rear-end collisions are caused by errors and factors which described broadly 
as Human, Vehicle, and Roadway environments; however, human factors take a lion share for the 
occurrences of accidents [3]. An error made by human drivers may lead to the event, where a crash, 
near-crash or an incident to occur based on detection, decision, and the reaction of the action of the 
lead vehicle.  Moreover, individual vehicle factors within traffic, which include speeds, braking 
capabilities, and driver behavior such as driving skill, perception of safety, and visual alertness, are 
2 
 
also affecting road capacity and safety. Gradually, engineers developed different driving systems to 
reduce and eventually eliminate human errors causing crashes to happen [4].  
As seen, the recently developed technologies, Autonomous vehicles that have the potential of 
transforming travel behavior, and the next generation of vehicles aimed at providing a cleaner and 
safer mode of transport and revolutionize the way we experience travel will soon share the existing 
road and road infrastructures. Besides, the current traffic rules and regulations will govern those fully 
autonomous vehicles along with human-driven vehicles. Having this in mind, every individual will 
think what impacts those autonomous vehicles, which have different driving behavior, may have 
brought on safety while interacting with human-driven vehicles. It might be thought that they will 
reduce the occurrences of rear-end collisions; however, it needs to be investigated to what extent and 
in what situations. Undeniably, it is, therefore, the research area to search answers for questions bore 
and/or will bear on every individual mind even lots of researches are currently going on.  
The European New Car Assessment Program (Euro NCAP) performed standardizing tests on 
different autonomous vehicles with a constant speed of 20 – 60 km/hr relative to 5 km/hr and 8 km/hr 
pedestrian speed crossing from behind obstruction showed satisfactory results even if there is a 
difference among vehicles [5]. However, this test checked only the effectiveness of Automatic 
Emergency braking on avoiding forward collision. Here, the question is the safety distance about the 
follower vehicle not to collide with the rear bumper of the lead vehicle, rear-end collision if the 
follower is a human-driven vehicle. The Autonomous vehicles have the ADAS system which used 
relative position accuracy between the cars in a range of ±2 cm and the possibility of tests according 
to ISO15623 - forward vehicle collision warning systems and EURO NCAP - AEB procedure 
[6]helps to avoid forward-collision in return this performance will affect the follower vehicle. 
For years, numerous studies have been conducted to propose different car-following models, 
which describe the operating safety of successive vehicles in moving [7]–[10]. Researchers have 
investigated the car following behaviors with different safe distance car following models considering 
different scenarios and situations and still there are researches on going dealing with the distance gap 
(spacing) of vehicles on moving and standstill which is of particular importance from the points of 
the safety of rear-end collisions through which drivers can react to take actions. However, all these 
models have been postulated for similar leader and follower vehicle types.  
Therefore, the level of automation differences in car-following modeling with different scenarios 
has to be considered to analyze their impact on road traffic safety while it seems to be ignored in most 
of the previous models. The Human-driven (conventional vehicle) will collide with the rear end of 
the leading vehicle immediately ahead and argued to be responsible for these crashes unless the lead 
vehicles suddenly stopped with low driving speed for which it can react to any imminent incident in 
front.  
In this study, since actual braking distance is affected by the type of vehicle's brake built-in, the 
inter-vehicle distance is investigated based on the relative speed of vehicles and reaction time in 
following and sudden stop states to understand the speed which causes for a rear-end collision.  
This paper, therefore, concentrates only on modeling the safe distance between vehicles relative 
to their speeds and how reacting to the situations for reducing the possibility of human-driven vehicles 
making rear-end collision while a lead vehicle automatic emergency braking is in effect. It also 
contributes to check whether the existing speed limits in urban roads meet such conditions. 
Accordingly, it will also help to the revision of the vehicle following rules and speed limits.  
The structure of the paper is organized as follows. Following the introduction, literature is 
reviewed under section 2, materials and methods for the car following procedure with safe distance 
model is described in section 3. The impacts of sudden automatic emergency braking of the leading 
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vehicle on the following vehicle are simulated using MATLAB, and the results are explained and 
illustrated from the perspective of longitudinal clearance and speed in section 4. Finally, Results are 
summarized and concluded in the last section of the paper, in section 5. 
 
 
2. Literature Review 
Safe distance for follower vehicles is a great concern if vehicle automation is different, and when 
there is sudden braking by a front vehicle. The behavior of the following vehicle is affected by the 
type of the lead vehicle[11] which presented a car-following model that incorporates the effect of the 
lead vehicle type to predict the following vehicle's speed based on the relative speed and spacing and 
confirmed that the type of lead vehicle affects. However, the type of vehicle can have a significant 
influence on the following behavior, especially in heterogeneous traffic characterized by a mix of 
vehicles having different static and dynamic properties.  
Brackstone et al. 2009 on their study confirmed that the driver-following behavior is affected by 
the type of the lead vehicle [12]. As Brackstone et al. 2009 mentioned, there are several reasons for 
the effect of a driver following behavior; a typical mix of heterogeneous traffic consists of vehicles 
such as cars, two-wheelers, three-wheeled auto-rickshaws, light commercial vehicles, buses, and 
trucks. These vehicles significantly vary in the static characteristics (such as length, width, and size) 
and dynamic characteristics (such as acceleration/deceleration and maximum speed). The automation 
differences of vehicles that brought variation in dynamic characteristics still have not yet been well 
addressed, especially the deceleration characteristics required to stop vehicles. The 
acceleration/deceleration characteristics will affect the gap needed for safe stopping and, thereby, the 
gap a vehicle maintains [13],[14]. 
As it has clearly been stated in most of the previous studies, on the mixed traffic, the following 
behavior of a driver depends on the types of leader and follower vehicles. There are only a few 
attempts made to study the effect of factors like; lead vehicle size, type, traffic composition, volume, 
headway distributions, and automation differences on longitudinal behavior of vehicles under mixed 
traffic conditions. In this study, the automation differences of vehicles considered as mixed traffic, 
for traffic safety are limited and crash safety, which impacts the following human-driven vehicles 
operating characteristics due to the interaction of fully autonomous vehicles on mixed traffic as lead 
vehicles are not still well-considered and analyzed. Hence, an attempt has been made to analyze and 
model the vehicle following behavior under mixed traffic conditions.  
SAE International, the professional association of automotive engineers, identifies full 
automation as Level 5 while NHTSA as level 4, in which vehicles are capable of driverless operation 
in all circumstances, and both identify vehicles which have no autonomous features at all as Level 
0[15],[16]. For this paper, level 5 and level 0 vehicles are used for modeling the new safe distance 
model as leading and follower vehicles, respectively, and used for the rest of the section of the paper.  
For this approaches, we proposed a safe distance car-following model to describe the relationship 
between the speed of lead autonomous and human-driven follower vehicles to a minimum safe 
distance on a single lane dry road under conditions where a lead vehicle is moving at a constant speed 
with different driving situation and suddenly stopped by emergency braking at an imminent incident.   
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3. Materials and Methods 
3.1. Safe Distance Model Notation 
During a longitudinal drive, a safe distance is a critical maneuver to a follower car in a car-
following model, which is determined by the relative speed, reaction time, and the maximum 
deceleration specific to the vehicle. Therefore, the Safe distance model in this paper study the inter-
vehicle distance between the lead, autonomous vehicle, while the lead vehicle suddenly stops and 
moves with the constant speed, and Follower, a human-driven vehicle at or within a speed limit.  
Figure 1 shows the notation of the safety distance, stopping, and critical safety distance 
between two successive vehicles at moving and a while sudden stopping state. We considered critical 
safety distance as a space left between vehicles at a complete stop. We should note that the safety 
distance varies with follower braking time based on its speed and maximum deceleration. When the 
follower driver perceived that the leader vehicle stops at a sudden, s/he starts to react and brake to 
stop a vehicle maintaining the safe distance or at least critical safety distance unless rear-end collision 
will happen. However, this is determined based on the space and time headways, relative speed of 
vehicles, and alertness of the driver. 
 
Figure 1. Safe distance model notation 
In the model notation, the green car is a fully autonomous vehicle, which is a leading 
vehicle, and a Red car is a human-driven vehicle, which is a follower vehicle. 𝐷𝑓 is an inter-vehicle 
distance, the space between the rear bumper of the lead vehicle and front bumper of follower 
vehicle,  𝐷𝑏𝐻 and 𝐷𝑏𝐴 are the total stopping distances of human-driven and autonomous vehicles 
respectively and 𝐷𝑚 is the minimum or critical safety distance when both vehicles come to stop. 
3.2 . Safe Distance Modeling Description 
A new safe distance model proposed based on the assumptions that always the leading vehicle 
is a fully autonomous and the follower is a Human-driven vehicle, entirely controlled by a human 
driver. Both vehicles are driven within or at the speed limit, and sudden braking of an autonomous 
vehicle with the help of automatic emergency braking (AEB) for preventing sudden bolting of road 
users from an accidental crash, is applied on a single lane dry road. We also assumed the autonomous 
vehicle displays the current speed and their autonomy level through the rear window screen to warn 
the follower car driver to be alert while following them. 
A study of car-following model based on minimum safe distance was done by assuming that 
both leading and follower vehicles have the same braking process and considering the state of the 
leading vehicle [17] and have made an analysis comparing with the traditional safety models and safe 
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distance models based on headway and braking process. However, in the proposed model, we used 
their assumptions with some modifications to study the interaction of human-driven and Autonomous 
vehicles considering the automation differences for braking performance. 
 Hence, in our model, we adapted their model to include such mentioned differences, which 
will work for all car following vehicles safe distance model driving at and within a speed limit. So 
our new safety distance model for the mixed vehicles of interactions having different braking 
performances  adapted from their model [17] is described based on the above notations as:  
                                𝐷𝑓 = (𝐷𝑏𝐻 + 𝐷𝑚) − (𝐷𝑏𝐴)                                                 (1)   
Where, 𝐷𝑓  is the inter-vehicle distance, safe distance, between the follower and leader 
vehicles, 𝐷𝑏𝐻 and 𝐷𝑏𝐴are the total stopping distances of follower and lead vehicles respectively, 
𝐷𝑚, 2 − 5 𝑚𝑒𝑡𝑒𝑟𝑠,   2 meters in our case, is the critical safety distance and L is the length of 
vehicles,3.5 meters. 
3.2.1. Braking Distance Using Braking Performance  
3.1.1.1.  Braking Distance of a Follower Vehicle 
As mentioned in the model of Xu, L., et al. they used the changing deceleration value to 
calculate the braking distances of a car which is divided into three stages as reaction time stage when 
the vehicle is moved with constant speed, linearly increasing deceleration stage till maximum braking 
deceleration is attained and constant braking deceleration stage  
Reaction Stage 
 A driver traveling at or near the design speed is more alert than one traveling at a lesser speed 
(AASHTO, 2001). From here, we assumed that the reaction time for the drivers of the Human-driven 
vehicle is dependent on how the alerted drivers react. However, depending on driver differences in an 
emergency, the most crucial factor for the vehicle stopping distance varied at a given vehicle speed 
in the range and used in this proposed model 𝑡𝑟𝐻 = [𝑡𝑟𝐻min, 𝑡𝑟𝐻max]. 
In this stage, the vehicle speed will not change, and therefore the car is still moving at an 
initial speed 𝑉𝐻. The driver reaction time is considered from the point s/he noticed the leader is 
breaking with an AEB. Therefore, 𝑡𝑟𝐻 is considered as the total reaction time for following vehicle 
including the braking coordination time altogether, 0.8 to 1.5 seconds[18][19],  and the reaction 
distance, DtrH is: 
                                              [𝐷𝑡𝑟𝐻𝑚𝑖𝑛, 𝐷𝑡𝑟𝐻𝑚𝑎𝑥,] = [𝑉𝐻𝑡𝑟𝐻𝑚𝑖𝑛, 𝑉𝐻𝑡𝑟𝐻𝑚𝑎𝑥]                              (2) 
Linearly Increasing Deceleration Stage         
 At the time of deceleration growth 𝑡𝑙, which is related to the performance of the follower car 
brake and its value is 0.1 - 0.2 seconds, 0.1 is taken for our case, braking deceleration is growing 
linearly from zero to achieve its maximum when the car brakes in the response of the leading vehicle 
action. We assumed that the relationship between the speed changes at any time with the following 
expression as: 
𝑑𝑣
𝑑𝑡
= 𝛽𝑡, 𝑤ℎ𝑒𝑟𝑒, 𝛽 = − 
𝑎
𝑡𝑙
, then the speed of the follower car 𝑣(𝑡) at any time 𝑡𝑙 is: 
𝑣(𝑡) = 𝑣𝐻 +
1
2⁄ 𝛽𝑡
2      (3) 
Substituting 𝛽 on the above equation, we obtain:     
                                                         𝑣(𝑡) = 𝑣𝐻 − 𝑎𝑚𝑎𝑥𝐻
𝑡2
2𝑡𝑙
                                         (4) 
 the distance a car moved at this stage is obtained by integrating the above equation becomes: 
𝐷𝑡𝑙 =  𝑣𝐻𝑡𝑙 − 𝑎𝑚𝑎𝑥𝐻
𝑡𝑙
2
6
                (5) 
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where,  𝑎𝑚𝑎𝑥𝐻 is the maximum deceleration of the follower vehicle which is in the range 6 - 
8 ms-2 [20], [21] , but we have taken, 7 ms-2 and  𝑉𝐻 is the follower vehicle initial speed, which is at 
or within the speed limit.  
 Constant Braking Deceleration Stage 
In this stage, the car moves at constant deceleration 𝑎𝑚𝑎𝑥𝐻 in the continuous braking time 𝑡𝑐𝑑. 
Based on the kinematics, the braking distance is proportional to the square of the speed, and therefore 
the constant braking deceleration distance is: 
𝐷𝑡𝑐𝑑 =  
𝑉𝐻
2
2𝑎𝑚𝑎𝑥𝐻
        (6) 
                
Therefore, the sum of distance at each stage is the total braking distance a car moved: 
                𝐷𝑏𝐻 = 𝐷𝑡𝑟𝐻 + 𝐷𝑡𝑙 + 𝐷𝑡𝑐𝑑       7) 
 
Then considering the driver reaction time and omitting the value of 𝑎𝑚𝑎𝑥𝐻
𝑡𝑙
2
6
   in the linearly 
decelerating stage since its value is minimal, the total braking distance of the human-driven vehicle 
is re-written as:      
 [𝐷𝑏𝐻𝑚𝑖𝑛, 𝐷𝑏𝐻𝑚𝑎𝑥] = [𝑉𝐻(𝑡𝑟𝐻𝑚𝑖𝑛 + 𝑡𝑙) +
𝑉𝐻
2
2𝑎𝑚𝑎𝑥𝐻
 ,  𝑉𝐻(𝑡𝑟𝐻𝑚𝑎𝑥 + 𝑡𝑙) +
𝑉𝐻
2
2𝑎𝑚𝑎𝑥𝐻
  ]   (8) 
3.1.1.2.Braking Distance of a Leading Vehicle 
The green( fully autonomous or lead) car Central Processing Unit( CPU) senses a hazard 
ahead within 0.001 – 0.1 seconds and reacts accordingly within 0.01 – 0.1 seconds [22]–[24]. In our 
model, we assumed the minimum actuation time, which is 0.01seconds, and took the same time for 
environment sensing along with all sensor synchronization for decision. Summing up, all we took 
and assumed a reaction time as 0.02 seconds. Therefore, the braking distance for the leading car is: 
    𝐷𝑏𝐴 = 𝑉𝐴𝑡𝑟𝐴        (9) 
     Where; 𝐷𝑏𝐴 is the total stopping distance a green car moved during sudden braking, 𝑉𝐴 is the green 
car initial speed, which is a  speed limit in this model; 𝑡𝑟𝐴 is the minimum sum of reaction time for 
sensing the environment, perceiving to make a decision and actuation times to take control. 
3.1.2. Modeling Safe Distances 
Relying on the above braking performances of the cars, the safe distance model is going to be 
analyzed using different scenarios at uniform speed within and at the speed limit based on the state 
of the leading vehicle and braking processes at a sudden stop where the automatic emergency braking 
(AEB) is in effect.  
The speed of the Leading car in this model is a posted speed limit since fully autonomous 
vehicles are capable of detecting the posted speed limit with their inbuilt technologies and moving 
accordingly. Even if the braking distance with AEB at an emergency stop for fully autonomous 
vehicles is minimal, we used the relative speed  𝑉𝐻𝐴 = 𝑉𝐴 − 𝑉𝐻  for measuring the safe distance 
between the vehicles since our concern is Human Driven vehicle. Where 𝑉𝐻𝐴 is a relative speed, 𝑉𝐴is 
the initial speed of the leading car and 𝑉𝐻 is the initial speed of the Human-driven car. The reaction 
time of both vehicles also plays a significant role, and hence the relative reaction time  ∆𝑡𝑟 = 𝑡𝑟𝐻 −
𝑡𝑟𝐴 is considered Where 𝑡𝑟𝐴is the leading car reaction time which is vastly smaller than the Human-
driven car driver's reaction time, 𝑡𝑟𝐻.  
In modeling the safe distance, we assumed that the leading vehicle with an emergency event 
indicator displays warnings to the follower vehicle when approaching the safe distance through the 
rear window screen and the speed of the leading car too. Besides, the detection range of Autonomous 
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vehicles is considered for the speed change of human-driven cars before reaching the speed limit zone 
for all models except for the model where both are driven at an equal speed limit. 
3.2.2.1 Safe Distance Modelling when both Vehicles are moving at a constant speed  
In this case, both vehicles are only running at their initial speed unless there is a need for 
deceleration of the follower car and can safely follow with its initial speed. Therefore, the safe 
distance between the vehicles could be analyzed based on their initial speed variation only when the 
speed of the follower car is higher than the leader car's speed (𝑉𝐻 > 𝑉𝐴). All other cases could not be 
considered in our model since we thought they are safe to follow a car, which is driven at a constant 
speed and in a condition where there is no possibility to increase the speed of the follower car.  
Rear-end collision will happen only if the follower vehicle moves at its initial speed at some 
time; therefore, the following vehicle should decelerate to maintain at least a minimum safe distance. 
Since in the model, we considered that the leading vehicle could not accelerate, only the follower 
vehicle has to decrease its speed to the leading vehicle. Therefore, the driving distance of the follower 
vehicle is: 
 𝐷𝑏𝐻 = 𝑉𝐻(𝑡𝑟𝐻 + 𝑡𝑙) +
𝑉𝐻
2−𝑉𝐴
2
2𝑎𝑚𝑎𝑥𝐻
                   (10) 
While the following vehicle is braking to maintain the safe distance, the leading vehicle 
keeps moving at its initial speed. Then the distance the leading vehicle moved during this time is: 
     𝐷𝑏𝐴 = 𝑉𝐴(𝑡𝑟𝐻 + 𝑡𝑙 + 
𝑉𝐻𝐴 
𝑎𝑚𝑎𝑥𝐻
)           (11) 
Therefore, the minimum safe distance between the two vehicles is: 
D𝑓 = 𝑉𝐻𝐴( 𝑡𝑟𝐻 + tl) + 
VHA
2 
2𝑎𝑚𝑎𝑥𝐻
 + Dm , thus 𝐷𝑓 is in the range of[𝐷𝑓𝑚𝑖𝑛 , 𝐷𝑓𝑚𝑎𝑥]: 
𝑑𝑓 = [
𝑉𝐻𝐴( 𝑡𝑟𝐻𝑚𝑖𝑛 + 𝑡𝑙) +
𝑉𝐻𝐴
2 
2𝑎𝑚𝑎𝑥𝐻
+ 𝐷𝑚,
 𝑉𝐻𝐴( 𝑡𝑟𝐻𝑚𝑎𝑥 + 𝑡𝑙) +
𝑉𝐻𝐴
2 
2𝑎𝑚𝑎𝑥𝐻
+ 𝐷𝑚
]            (12 )                             
3.2.2.2 Safe Distance Modelling at an Emergency Stop of Leading Vehicle 
In this case, the capability of leading vehicles stopped at a sudden with an AEB, following 
vehicle speed as well the driver's ability to react for a sudden state of change greatly affects the 
minimum safe distance between the two vehicles. Therefore, we assumed three different states to 
model the safe distance. 
Scenario- I: Speed of the follower vehicle is greater than the leader vehicle's speed (𝑽𝑯 > 𝑽𝑨)  
In this scenario, a collision may happen at a certain time if the follower and leader vehicles 
continue to move with their initial speeds, or it may happen if the lead vehicle stopped at an imminent 
incident while the follower vehicle keeps moving with its initial speed. Therefore based on the state 
of the leading vehicle and the braking performance of vehicles, the follower vehicle driver has to 
react to avoid a collision.  
At a time of leading vehicle sudden braking, the leading vehicle moves a distanceVAtrA and 
the follower vehicle moved a distance, VHtrA . Following, the follower vehicle driver has to react and 
bring the vehicle to stop. Therefore, the follower vehicle moved a distance: 
  𝐷𝑏𝐻 =  VHtrA + 𝑉𝐻(𝑡𝑟𝐻 + 𝑡𝑙) +
VH
2
2amaxH
 
Then, the minimum safe distance between the two vehicles is: 
                                          𝐷𝑓=𝑉𝐻𝐴𝑡𝑟𝐴 + 𝑉𝐻(𝑡𝑟𝐻 + 𝑡𝑙) +
𝑉𝐻
2
2𝑎𝑚𝑎𝑥𝐻
+ 𝐷𝑚                            (13) 
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  𝐷𝑓 is determined by drivers' response to the state of leading vehicle condition. Therefore, whatever 
the driver is alert, there is variation among drivers and hence dependent on the reaction time in the 
range[ 𝑡𝑟𝑚𝑖𝑛,     𝑡𝑟𝑚𝑎𝑥].  Thus, 𝐷𝑓 is in the range of[ 𝐷𝑓𝑚𝑖𝑛 , 𝐷𝑓𝑚𝑎𝑥]: 
𝑑𝑓 = [
𝑉𝐻𝐴𝑡𝑟𝐴 + 𝑉𝐻(𝑡𝑟𝐻𝑚𝑖𝑛 + 𝑡𝑙) +
𝑉𝐻
2
2𝑎𝑚𝑎𝑥𝐻
+   𝐷𝑚,
 𝑉𝐻𝐴𝑡𝑟𝐴 + 𝑉𝐻(𝑡𝑟𝐻𝑚𝑎𝑥 + 𝑡𝑙) +
𝑉𝐻
2
2𝑎𝑚𝑎𝑥𝐻
+ 𝐷𝑚
]        (14) 
 
Scenario- II: Speed of the follower vehicle is equal to the leader vehicle's speed (𝑽𝑯 = 𝑽𝑨)  
When the follower speed is equal to the leader, the relative speed is becoming zero, which 
means VA and VH are the same. Therefore, the follower who alertly follows the leading vehicle can 
react to stop the vehicle following the leading vehicle action. Then, the inter-vehicle distance 
becomes: 
                                            𝐷𝑓=𝑉𝐻(𝑡𝑟𝐻 −  𝑡𝑟𝐴) +
𝑉𝐻
2
2𝑎𝑚𝑎𝑥𝐻
+ 𝐷𝑚                                         (15) 
  Since 𝐷𝑓 is therefore determined by the reaction time in the range,[𝑡𝑟𝑚𝑖𝑛,  𝑡𝑟𝑚𝑎𝑥] 
                                   𝐷𝑓 is in the range [𝐷𝑓𝑚𝑖𝑛 , 𝐷𝑓𝑚𝑎𝑥] and it becomes: 
 𝐷𝑓= [
𝑉𝐻(𝑡𝑟𝐻𝑚𝑖𝑛 − 𝑡𝑟𝐴) +
𝑉𝐻
2
2𝑎𝑚𝑎𝑥𝐻
+ 𝐷𝑚,   
𝑉𝐻(𝑡𝑟𝐻𝑚𝑎𝑥 − 𝑡𝑟𝐴) +
𝑉𝐻
2
2𝑎𝑚𝑎𝑥𝐻
+ 𝐷𝑚
]                 (16) 
 
 
Scenario- III: Speed of the follower vehicle is less than the leader vehicle's speed (𝑽𝑯 < 𝑽𝑨)  
This scenario is the safest case than others since we assumed that there is a bigger inter-vehicle 
distance between the two vehicles. However, if the follower driver keeps following the leading 
vehicle at its initial speed and the leader decelerates or stops, a collision may occur later on. 
 Assuming that the leading vehicle suddenly stopped with an emergency braking and moved 
a distance, DbA=VAtrA. During the time, trA when the leader vehicles come to a stop, the follower 
vehicle driver drives a car with an initial speed, and its distance becomes: 
   𝐷𝑏𝐻=𝑉𝐻𝑡𝑟𝐴        (17) 
Since the leading vehicle comes to a stop within a fraction of seconds and we assumed its 
later state of condition at static state, the follower vehicle has to brake, and its braking distance is: 
   𝐷𝑏𝐻=𝑉𝐻(𝑡𝑟𝐻 + 𝑡𝑙) +
𝑉𝐻
2
2𝑎𝑚𝑎𝑥𝐻
       (18) 
   Therefore, the total distance a follower car moved is:  
   𝐷𝑏𝐻=𝑉𝐻𝑡𝑟𝐴 + 𝑉𝐻(𝑡𝑟𝐻 + 𝑡𝑙) +
𝑉𝐻
2
2𝑎𝑚𝑎𝑥𝐻
      (19) 
 Then the safe distance between the vehicles is:                       
                        𝐷𝑓=𝑉𝐻(𝑡𝑟𝐻 + 𝑡𝑙) − 𝑉𝐻𝐴𝑡𝑟𝐴 +
𝑉𝐻
2
2𝑎𝑚𝑎𝑥𝐻
+ 𝐷𝑚    (200) 
       Since  𝐷𝑓 is, therefore, determined by the reaction time in the range[ 𝑡𝑟𝑚𝑖𝑛,   𝑡𝑟𝑚𝑎𝑥], it becomes: 
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                                      𝑑𝑓 = [
𝑉𝐻(𝑡𝑟𝐻𝑚𝑖𝑛 + 𝑡𝑙) − 𝑉𝐻𝐴𝑡𝑟𝐴 +
𝑉𝐻
2
2𝑎𝑚𝑎𝑥𝐻
+   𝐷𝑚,
𝑉𝐻(𝑡𝑟𝐻𝑚𝑎𝑥 + 𝑡𝑙) − 𝑉𝐻𝐴𝑡𝑟𝐴 +
𝑉𝐻
2
2𝑎𝑚𝑎𝑥𝐻
+ 𝐷𝑚
]  (211) 
 
4. Simulation Analysis Results and Discussions 
We preferred to use both two and three seconds safe distance car-following rules within the speed 
limit on urban street single lane straight road for which no takeover is allowed, and the driverless car 
is always a leading vehicle for simulation analysis and discussion using MATLAB simulation 
Software.  
For all simulation analysis, we used [(𝑡𝑟ℎ𝑚𝑖𝑛 + 𝑡𝑙), (𝑡𝑟ℎ𝑚𝑎𝑥 + 𝑡𝑙)] = (0.9, 1.5 seconds). The two 
and three seconds' rule of safe following distance in table 1 is used for comparison with the model 
result for the speed range of 20 up to 60Km/hrs. 
Table 1: Seconds' rule safe following distance 
Safe distance 
(m) 
  Follower Car  Speed(Km/hr) 
20 25 30 35 40 45 50 55 60 
Two-seconds  11.11 13.89 16.67 19.44 22.22 25 27.78 30.56 33.33 
Three-second 16.67 20.83 25.00 29.17 33.33 37.5 41.67 45.83 50.00 
 
4.1. Safe Distance Modelling at a constant speed State 
In this case, both vehicles are moving at their initial speed, and we considered the higher the 
follower vehicle speed. For all tested relative speeds, the leading vehicle was set initially at 20 
km/hrs and invariable. The simulation was executed at 5 Km/hrs increment of relative speed using 
equation (12), and the results data are shown in table 2.  
As shown in Table 2, in either of the low or high relative speed differences the time needed 
to stop a follower car is not sufficient enough other than the first instant of two and three seconds. It 
showed that rear-end collisions would happen at a certain time. 
 
 
Table 2: Safe Distance Simulation Data at uniform Speed state 
Safe distance 
(m) 
Relative Speed(Km/hr) 
5 10 15 20 25 30 35 40 45 
d_f_min 3.39 5.05 6.99 9.20 11.69 14.46 17.50 20.82 24.41 
d_f_max 4.22 6.72 9.49 12.54 15.86 19.46 23.33 27.49 31.91 
 
However, for the rest of the follower vehicle speeds, the distance is much more than the 
inter-vehicle distance of the model.  Therefore, for a follower human-driven car, based on the 
simulation result, the rear-end collision is unavoidable if the speed is higher than the leader and 
continues moving at constant speeds. 
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                   Figure 2. Simulation of safe distance when HV speed is greater than AV at uniform       
                                  Speed state 
As shown in figure 2, as the relative speed is increased the distance between vehicles has also 
increased. At lower relative speeds the driver needs less time to react and stop the vehicle before 
colliding with the in front vehicle, however for the higher relative speeds, the driver's reaction is 
dependent based on the spacing with the lead vehicle to adapt the follower car speed. The simulation 
result confirmed that larger spacing is needed for larger speed differences for which before a driver 
observes the difference. Since in a uniform motion, the relative speeds increment is also proportional 
to the safe distance, what matters is the speed of the follower vehicle and the state of conditions of 
the lead vehicle. Therefore, the following vehicle speed can be kept constant until the driver observing 
the speed differences and has to react accordingly to maintain a safe distance.  
4.2. Safe Distance Modelling at a Sudden Braking of Leading Vehicle 
4.2.1. Speed of the follower vehicle is greater than the leader vehicle's speed (𝑽𝑯 > 𝑽𝑨) 
For the effect of follower speed towards a collision, the leading vehicle was set initially at 20 
km/hrs and invariable. The simulation was executed at 5 Km/hrs increment of follower vehicle speed 
using equation (14), and the results data are shown in table 3, and figure 3 and analysis are made in 
comparison with the two and three-second rule of safe following distances(Table 1). 
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Figure 3. Safe distance when HV speed is greater than AV at sudden braking of leading vehicle 
From the results shown in table 3 and on figure 3, the two seconds (d_tw) rule is safe since 
the safe distance is in the range of the safe distance of the model for the speeds up to 45 Km/hrs and 
dependent on how the driver is reacting to the situations. The model safe distance is higher than the 
two seconds rule safe distance for speeds above 45 km/hrs. If a follower driver follows at three 
seconds (d_th) rule, it is safe for all speed limits stated in the scenario that is higher than the model 
safe distance. As it is been noted in the simulation of the model that if there are higher relative 
differences, there is also bigger safe following distance, which allows time for the follower driver to 
react to any imminent incidents. 
Table 3: Safe distance Simulation data when HV speed is greater than AV at sudden braking of 
leading vehicle 
Safe distance 
(m) 
Following car Speed(Km/hr) 
25 30 35 40 45 50 55 60 65 
d_f_min 11.72 14.52 17.58 20.93 24.55 28.45 32.62 37.06 41.79 
d_f_max 15.89 19.52 23.42 27.60 32.05 36.78 41.78 47.06 52.62 
 
However, this scenario model indicates that depending on the spacing between the leader and 
the follower, the driver of the follower vehicle has to adapt to the speed of the leader if s/he can 
observe the differences in speed to maintain safe distance rather than obeying the rule of two seconds 
following distances. Therefore, the human-driven vehicle drivers have to do more than just obey the 
rule to care for the safety of others on the road and use defensive driving techniques for maintaining 
a safe following distance when driving behind driverless cars at higher speeds to avoid rear-end 
collision and tailgating.  
4.2.2. Speed of the follower vehicle is equal to the leader vehicle's speed (𝑽𝑯 = 𝑽𝑨)  
At each of the vehicle's speed, even though there is a fluctuation in speed for human-driven 
vehicles due to throttling, we supposed its speed is equal to the lead vehicle at each time they moved. 
The simulation data obtained using equation (16) is shown in figure 4 and table 4.  
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Figure 4. Safe distance when speeds of HV and AV are equal and leading vehicle is at a sudden 
braking 
As shown in Table 4 about table 1 for comparison and figure 4, at lower speed the distance 
between vehicles is lower and gets higher with increasing speeds. The two seconds rule safe following 
distance is within the range of this model for human-driven vehicle and driverless interaction on the 
existing road at a speed limit driving condition for speeds below 50 km/hr, which has greatly been 
affected by how the driver is reacting to the situations. Therefore, even it is a simple truth that the 
faster the follower vehicle is driven, the longer it takes to stop a vehicle, the scenario simulation 
confirmed with this simulation data for a follower vehicle which follows a driverless car with the 
two-second rules of safe following distance at a speed of 50 km/hrs. If the human-driven vehicle is 
driven at above 50 km/hr with two seconds rule of safe following distance, the distance is lesser than 
the model and so it will cause rear-end collision since the time needed to stop a human-driven car is 
not sufficient.  
   Table 4: Safe Distance Simulation Data when VH=VA at a Sudden Braking of Leading Vehicle 
Safe distance 
(m) 
Following car Speed(Km/hr) 
20 25 30 35 40 45 50 55 60 
d_f_min 9.09 11.56 14.29 17.31 20.60 24.16 28.00 32.12 36.51 
d_f_max 12.43 15.72 19.29 23.14 27.26 31.66 36.33 41.28 46.51 
From the simulation data based on this model, the existing two seconds rule of following 
distance works only for lower vehicle speed, less than 50 km/hr, however, the three seconds rule of 
safe following distance can work for all speed limits taken on the study of the safe distance.                                         
4.2.3. Speed of the follower vehicle is less than the leader vehicle's speed (𝑽𝑯 < 𝑽𝑨) 
This scenario is not the worst as to which the driver of a follower vehicle keeps sufficient 
spacing with the lead vehicle and is not accelerating a car. However, the driver of a follower car can 
accelerate to the speed equal to lead vehicle and try to adjust the speed if constrained by the lead 
vehicle. The simulation data is obtained using equation (21) by setting the leading vehicle speed at 
60 km/hrs and invariable. 
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 Figure 5. Simulation data of safe distance when speeds of HV are less than AV  
As shown in figure 5, as the speed of the human-driven car speed is approaching to the speed 
of the driverless car, the safe distance also increased to let the driver has time to react for incidents.  
Table 5: Simulation data of safe distance when VH < VA 
Safe distance 
(m) 
Following car Speed(Km/hr) 
15 20 25 30 35 40 45 50 55 
d_f_min 6.74 8.98 11.50 14.29 17.36 20.71 24.33 28.22 32.39 
d_f_max 9.24 12.32 15.67 19.29 23.20 27.37 31.83 36.56 41.56 
Referring to table 1 and 5 for analysis and comparison, the three seconds rule of safe following 
distances are safe for all speeds limits, 20 up to 60 Km/hrs. However, the road efficiency will 
significantly reduce, but it is not the concern of the paper. The two seconds rules safe following 
distance for following a driverless car at speed greater than 45 km/hrs is less than the model. Hence, 
the distance to be covered with those speeds are less than the minimum safe distance of a model and 
causing tailgating, which leads for rear-end collision to happen. Therefore, in this scenario, the 
human-driven car follows a driverless car with 20 up to 45 km/hrs speeds using second rule safe 
following distance, however, dependent on how the driver is reacting to an imminent incident. 
 
 
5. Summary and Conclusion 
Even if there is a clear benefit in terms of reaction time and reducing accidents in front of 
driverless cars with the help of AEB, the results showed there is a possibility of rear-end collision to 
happen. Based on the four scenarios analysis of the interaction of human-driven and driverless cars 
using a safe distance model on a single lane dry road, it can be concluded that a fully autonomous 
braking system significantly affects the safe distance. Due to the variation in the braking system, the 
safe distance cannot be maintained, and the alerted follower driver should not be claimed and 
responsible for the crash as s/he follows the rules of safe following distances.  
Therefore, rear-end collision may not be reduced if driverless cars are hitting the road to share 
with the Human-driven cars and existing traffic rules with drivers of different driving behavior. This 
idea is also supported by the results from accident analyses, which showed that in many cases, rear-
end crashes occur in situations that are usually easy to handle (e.g. straight roads, low traffic density) 
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[25]. In these situations, for not alerted drivers, they may not anticipate that the driver in front will 
brake [26] and they are thus following too closely to be able to react in time when the front vehicle 
suddenly brakes or stops and hence still there rear-end collision to happen which will make severe 
the accident.  
Regarding all scenarios studied based on the new safe distance model, in following driverless 
cars, three seconds rules, and the new model can be used on all speed limits. However, the two 
seconds rule can be applied on speed limits up to 45 km/hrs, which indicates that the requirement of 
revising the existing car-following rules and regulations to meet the objectives of the intended 
purpose of driverless cars to hit the existing road. 
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